My foray into tumor immunology research 20 years ago was stimulated by the successes of my group in transplantation immunology research that I believed at the time would give us a technical and a conceptual direction. Moving in 1982 from Stanford University where I had done postdoctoral work on human HLA class II molecules to Duke University where research in HLA, especially as it related to transplantation, was heavily emphasized, I set up my laboratory to analyze human T cellmediated graft rejection. The goals were to isolate T cells from needle biopsies of transplanted kidneys being monitored for rejection, expand them in vitro, and determine their function and Ag specificity. These were ambitious goals, because up until then growing human T cells in vitro was not possible and it had been only a short while since the T cell growth factor IL-1 (IL-2) had been discovered (1) . A group of talented and hardworking graduate students turned 1 mm 3 of kidney biopsy into a source of millions of graft-infiltrating T cells that could be interrogated for their Ag specificity and function (2) (3) (4) (5) . As new students joined the laboratory and looked for new challenges, initiating studies on cancer-specific T cells by using what we had learned from our transplantation work seemed appropriate.
Unlike graft rejection, where HLA Ags were the predicted T cell targets, there were no candidate Ags for tumor-specific T cells and new techniques had to be devised for their in vitro stimulation and expansion. Moreover, the expanded T cells were to serve first and foremost as reagents to identify human tumor Ags. Thus, my capable and determined students and I joined the first wave of immunologists addressing human T cell recognition of cancer.
This was a very exciting time in my laboratory and in other tumor immunology groups as we successfully established tumor-specific T cell lines and used them promptly and imaginatively to define their targets, allowing us the first look into the nature of the long elusive molecules on human tumors that could be recognized by human T cells. Our work resulted in the identification and publication in 1989 of the human mucin MUC1 as one such Ag (6) with tumor-associated epitopes recognized by CTLs (7, 8) .
The surprise that was the human tumor Ag
By 1995, at least a dozen human tumor Ags had been identified (9) . Based on previous work in mice and on what was known at the time about the underlying genetic and epigenetic causes of malignant transformation, we all expected that the tumor Ags revealed through the activity of tumor-specific T cells would be products of oncogenic viruses or fragments of randomly mutated cellular genes or cellular oncogenes. In other words, we expected to isolate unique tumor-specific Ags. Instead, one Ag after another that was identified was a peptide or multiple peptides derived from proteins expressed by many different tumors or all tumors of the same tissue type and that could also be found in corresponding normal cells. These became known as shared tumor-associated Ags or self/tumor Ags.
The tumor Ag we identified, MUC1, clearly fell into this category and we and others spent many years trying to understand what made this molecule the target of the immune system when expressed on tumor cells but not when expressed on normal cells. Before we identified it as a tumor Ag by human T cells, others had isolated mouse mAbs specific for human epithelial adenocarcinomas and several of those reacted with different epitopes on MUC1. These Abs could be divided into two groups: those that recognized MUC1 on both normal and tumor cells and those that recognized MUC1 only on tumor cells. On normal epithelial cells the Abs detected a low level of transmembrane MUC1 expression polarized to the apical cell surface and a low level of secreted MUC1 in the lumen of the ducts. In contrast, in tumors derived from epithelial cells such as breast, pancreatic, and colon cancers, very high level of MUC1 expression was seen all over the cell surface and high levels of secreted MUC1 could be seen in the tumor bed. So the first difference that the immune system appeared to see was the difference in the quantity of this Ag.
Abs that recognized only "normal" or only "tumor" MUC1, however, also suggested qualitative differences between the two forms of the molecule. Sequencing the MUC1 gene from normal and tumor cells showed no tumor-specific mutations and thus attention was focused on the protein. Work from our laboratory and others showed that the difference resided in the extracellular domain of MUC1 known as the VNTR (variable number of tandem repeats) region. MUC1 is a glycoprotein heavily glycosylated with O-linked carbohydrates on serine and threonine residues in the 20-aa-long tandem repeats. The carbohydrates are long, branched, and terminate in sialic acid, giving the normal molecule its mucinous character. For a number of reasons, some well understood and others less so, tumors glycosylate MUC1 incompletely and the carbohydrates that occupy the glycosylation sites in the tandem repeats are abnormal: they consist of only one sugar, GalNAc (known as Tn Ag), or two sugars, GalNAc-Gal (known as T Ag). This abnormal glycosylation generates new protein and carbohydrate epitopes recognized by tumor-specific Abs and allows processing of the tandem repeat region into peptides and glycopeptides recognized by T cells.
The difference in the levels of MUC1 expression between normal cells and tumor cells and the tumor-specific posttranslational modifications recognized by Abs and T cells suggest that, when made by tumor cells, this molecule is not perceived by the immune system as self but rather as abnormal self. Consequently, instead of continuing to refer to it as a self/tumor Ag it is more appropriate to consider it as an abnormal self/tumor Ag. This is a very important distinction intended to change how we think about antitumor immune responses. If we continue to consider tumor-associated Ags as self-Ags, we will continue to assume that they are subject to self-tolerance and to believe that this is the reason why immune responses against cancer are in general weak and ineffective. Furthermore, our efforts to overcome this anticipated self-tolerance so as to generate strong and effective antitumor immunity, when successful, will continue to raise the specter of autoimmunity that currently prevents more appropriate clinical application of these Ags for cancer immunotherapy. On the other hand, if we understand the immune responses against these Ags as an immune reaction to the abnormal forms of former self-molecules that in tumors acquire epitopes that are foreign to the immune system and elicit and boost immunity to those epitopes, we are likely to be successful in generating strong antitumor immunity while maintaining self-tolerance against the normal forms of these Ags expressed by normal cells.
We have tested this experimentally with MUC1, and others have done the same with similar abnormal self/tumor Ags. By focusing only on the tandem repeat region of MUC1 that is abnormally glycosylated in tumor cells and using synthetic peptides and glycopeptides that mimic the tumor-associated epitopes, we have shown in many publications over many years that tumor MUC1-specific T cells can be generated in vitro from healthy individuals as well as from cancer patients (10, 11) and that in MUC1 transgenic animal models these immune responses cause tumor rejection or tumor prevention without causing autoimmunity (12) . We have also insisted on testing the ability of this Ag to elicit or boost tumor-specific immunity in cancer patients, but because MUC1 has been considered a self/tumor Ag, the outcome of these trials has been significantly negatively impacted by having to test it in individuals with late stage disease (13, 14) .
The new paradigm: immune memory for abnormal self in cancer immunosurveillance
Looking at the ever-growing list of abnormal self/tumor Ags and a lot of work that has been done in many laboratories, including ours, to understand them as targets of antitumor immune responses, I see a new paradigm emerging in tumor immunology that may have a more general application to our understanding of immunosurveillance of not only cancer but also of viral and bacterial infections. This paradigm proposes that: 1) abnormal self is immunogenic; 2) immune responses against abnormal self are important for successful tumor immunosurveillance; and 3) based on the evidence that will be discussed below, immune memory against self-Ags abnormally expressed during dangerous but nonmalignant events such as infections and tissue inflammation is generated early in life and may be boosted through other events throughout life.
First experimental support for this idea came from observations by us and others that abnormal expression and glycosylation of MUC1, initially defined as tumor specific, can also be detected on ductal epithelial cells during lactation or in mastitis (15) . Women with history of mastitis have Abs and T cells specific for abnormal MUC1. We also recently showed that inflammatory bowel disease leads to abnormal MUC1 expression in the colon (16) . In collaboration with Dr. Daniel Cramer (Harvard University, Cambridge, MA), we tested the hypothesis that immune responses against abnormal MUC1 generated during events such as mastitis, pelvic surgery, mumps virus infection of the salivary gland ducts, and other events predicted to result in abnormal MUC1 expression would elicit anti-MUC1 immunity and immune memory that throughout life will be part of successful immunosurveillance of MUC1-expressing tumors. In a large retrospective case control study we showed that women who had experienced two or more of these events were three times as likely to have Abs against abnormal MUC1 than women who did not and that their lifetime risk of ovarian cancer was proportionately and significantly reduced (17) .
Seven years ago we identified another tumor Ag, cyclin B1 (CB1), which we could also firmly place in the abnormal self/ tumor Ag category (18, 19) . CB1 is a cell cycle regulatory protein that is produced transiently in normal cells in very small amounts to promote G 2 -M transition, after which it is rapidly degraded. In many human tumors CB1 is constitutively expressed in high levels in the cytoplasm, leading to constitutive presentation of CB1 peptides in MHC molecules on tumor cells. T cells specific for CB1 peptides recognize only tumor cells and not normal proliferating cells. In the case of CB1, the abnormal self is characterized by constitutive overexpression while the normal self is only transiently expressed. Patients with CB1-overexpressing tumors have CB1-specific Abs and CB1-specific memory T cells (18, 20) . More importantly, healthy individuals also have Abs and memory T cells specific for CB1, and the question we are interested in answering is what has elicited these immune responses and are they part of normal immunosurveillance against tumors. Two papers published recently in The Journal of Virology show that cells infected with the chicken pox virus, varicella zoster virus (VZV) (21), or with human CMV (22) cause abnormally high expression of CB1 in the cytoplasm resembling that found in tumor cells. This would suggest that exposure to viruses, such as those causing early childhood diseases, would establish virus-specific immune memory but also simultaneously immune memory for abnormal self-molecules expressed by the infected cells. This memory response may be the first line of defense against future infections with viruses that may not share viral Ags but induce the same abnormalities in the proteins of the host cell. Moreover, this immune memory may support better priming of immune responses against new viruses and ensure that the right type of immunity is generated.
When abnormalities in cellular proteins arise as a result of malignant transformation, immune memory for abnormal self would be expected to react against the tumor by recognizing these molecules as tumor Ags. In this context, it is relevant to review findings published by Ludewig et all in 2004 (23) . The authors profiled Ab responses in mice following infection with either vaccinia virus or lymphocytic choriomeningitis virus. They found that in addition to IgG Abs specific for several viral proteins, both infections induced Abs to host cell proteins such as Golgi and endoplasmic reticulum proteins, DNA binding proteins, and cytoskeletal proteins. Importantly, 83% of vaccinia virus infection-related Abs and 79% of lymphocytic choriomeningitis virus infection-related Abs were against proteins previously described as human tumor-associated Ags. In ongoing experiments in my laboratory we are challenging mice that have recovered from viral infections with tumors that we know express known abnormal self/tumor Ags. Our preliminary results show that these mice control tumor growth significantly better than uninfected control mice (L. Vella et al., manuscript in preparation).
Thus, the new paradigm in tumor immunology sees the immune memory for abnormal self as an important contributor to cancer immunosurveillance. Immune responses against abnormal self do not cause autoimmunity because they are not a result of broken tolerance to self and do not target normal self. Vaccines based on these abnormal self/tumor Ags could be used to further strengthen this acquired immune memory for more effective cancer immunosurveillance.
Abnormal self as a universal vaccine
The most attractive corollary of this new paradigm is that it brings up the possibility of a universal, all-purpose vaccine based on a set of abnormal self Ags that are shared by infected cells, cancer cells, and inflamed tissues (Fig. 1) . Some of these are already known through the tumor Ag discovery effort and others would be of interest to define. Such a universal vaccine would replace pathogen-specific vaccines because it would prepare the immune system to recognize and destroy infected, inflamed, or transformed cells by recognizing specific changes in normal cellular molecules rather than specific causative agents of those changes.
I am personally energized by this possibility and have fallen even deeper in love with tumor immunology for providing me with yet another window from which to peer into the endless intricacies of the immune system. Having grown up in a socialist country, the former Yugoslavia, I am used to making 5-year plans. My next 5-year plan (my petoletka) is to use the power of proteomic approaches to reveal the identity of many abnormal self-molecules predicted in Fig. 1 and to try combinations of them as vaccines against cancer, against pathogens, and against chronic inflammatory diseases. As I have for the last 25 years, I will rely on the exceptional talents of my trainees and their courage to try something very new.
